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Hydrogen termination following Cu deposition on Si(001)
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We describe the surface structures following submonolayer Cu deposition@)Sand subsequent hy-
drogen termination as characterized by scanning tunneling microscopy. Cu adsorption at 870 K results in a
characteristiq2 X 8) island+vacancy structure, as previously reported. In addition, occasional structures are
observed attributed to Cu in surface interstitial sites. After H termination, the dominant features of the
island+vacancy structure remain, but the size and distribution of the structures are significantly altered. Based
on the atomic-scale appearance of both the clean and H-terminated structures, we propose that w&hin the
X 8) island+vacancy structure all surface atoms are Si, with all Cu subsurface, contrary to previous structural
models.
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The deposition and surface chemistry of metals on siliconowing submonolayer metal depostion on{(Hil).
is of considerable importance both to current technology and Experiments were performed in ultrahigh vacuddHV)
emerging nanoscience. Technologically, the-C8i(001) in-  (base pressure-5x 101! Torr) using Sb-doped 801) wa-
terface is of particular significance, with current integratedfers (0.01-0.02(2 cm) oriented to within 0.1° of(001).
circuit technology incorporating Cu interconnects formed bySamples were initially degassed in UHV overnight. Clean
techniques such as ion-assisted trench filliddthough Cu  surfaces were prepared by resistively heating for 30 s at
is a key component of such interconnects, interdiffusion 0fL500 K, cooling for at least 5 min, and then briefly heating
Cu from the surface into the bulk of the silicon chip canagainto 1500 K for 5 s. The heating power was then reduced
adversely affect device performancd@herefore, a further until the sample temperature desired for deposition was
understanding of the Cu/Si interface, Cu contamination imeached. Sample temperatures were determined from the
Si, and the potential effects of hydrogen—ubiquitous inheating power as described previouSly.
processing—could be significant in combating surface-to- Copper was evaporated from a pure Cu wire wrapped in a
bulk diffusion of Cu on Si and in improving the processing resistively heated W wire. Samples were held at 870 K dur-
of valuable Cu-based interconnects. ing Cu deposition to reproduce the highest deposition tem-
In addition to the importance of metal-Si interactions in perature previously reportéd® In order to mimic the ex-
current device technologies, such interactions are fundamemposure conditions to be used during H termination, after
tally important in the design of nanostructured surfacesdepositing Cu the sample was post annealed in UHV for
Transition metals, such as Co, Ni, and Cu, are known to reactO min at 615 K. A total coverage 6f0.6 to 1.25 ML of Cu
readily with Si to form metal silicide3In the case of Ni, this (1 ML=6.78x10"cm™?) was deposited at a rate of
reactivity has been exploited to create templates for metad.6 ML min™! as measured with a quartz crystal microbal-
deposition with nanometer scale ordén the case of Cu, the ance. It is important to note that our substrate deposition
high diffusior? and reactivity of Cu in Si make this system temperature is at the high end of those reported previously
an intriguing candidate for the construction of similar nanos{720-873 K,4-1¢18which increases Cu diffusion into the
cale structures. The surface reactivity and stability can béulk, lowering the effective Cu coverages on our surfaces
further modulated by chemically functionalizing the surface.compared to those dosed at lower substrate temperatures.
For example, hydrogen termination of Si is particularly well To terminate a surface with H, a sample was held at
understood, both for manipulating the surface chemistry ané15 K and exposed for 2 min to atomic H produced by a hot
clarifying the surface structufe. tungsten filamen{located ~1 cm away from the sample
The deposition and growth of Cu on Si has been studie@nd a background Hpressure of X 107° Torr. After H ex-
previously by a variety of techniquést! Scanning tunneling posure, each sample was annealed again in UHV for 10 min
microscopy(STM) has been especially useful in exploring at 615 K. On clean surfaces etching is not observed under
the Cu/Si surface on different crystal fadés'’On the clean these conditiong’ All STM images were collected at room
Si(001) surface, STM studies by Ichinokawa and temperature starting-1 h after preparing the surface. All
co-workerst6-18indsay and co-worker¥ and Nogami and results shown are filled-state, gray-scale images collected at
co-workerd* have all shown that the deposition of Cu results2—3 V with constant currents of 0.1-1 nA.
in the formation of islands and vacancies. The location of Cu A typical STM image of Cu(~1.2 ML) deposited at
on these surfaces, however, has yet to be resolved. 870 K on clean §D0Y) is shown in Fig. 1, where a large
Herein we report an STM analysis of the initial growth of number of island<bright protrusions and vacanciegdark
Cu on S{001) and the effects of subsequent hydrogen termitecessesare observed. At higher Cu coverage an overall
nation on the Cu-induced surface structure. Hydrogen termie(8 X 8) reconstruction occur¥. The atomic-scale structure
nation causes numerous changes in the surface structur, the island+vacancy structure observed at low coverage
some of which strongly suggest that previous structures pras shown in Fig. 1b), where a dashed box highlights one
posed for Cu/SD01) are incorrect. To our knowledge, this (2 8) unit cell. The islands are always oriented normal to
work presents the first report of the effects of hydrogen fol-the direction of the dimer rows and typically consist of three

1098-0121/2005/715)/1533024)/$23.00 153302-1



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
2004 2. REPORT TYPE 00-00-2004 to 00-00-2004
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Hydrogen ter mination following Cu deposition on Si(001) £b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Resear ch L abor atory,4555 Overlook Avenue REPORT NUMBER
SW,Washington,DC,20375

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Sa_me as 4
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



BRIEF REPORTS PHYSICAL REVIEW F1, 153302(2009

protrusions, each centered on a dimer row. Dimer vacancies,
one of which is labele®VVVVDin Fig. 1(b), are observed
between and at the end of the islands.

Previously proposed structural models have assumed that
these vacancies consist of two missing dintérs. Our
atomic resolution images clearly show that these vacancies
actually includefour missing dimers, invalidating all previ-
ous structural models. We believe this discrepancy is a con-
sequence of image resolution; a dull tip can make islands
seem wider and make vacancies seem smaller than actual. In
addition, longer islands with more than three bright features
are occasionallybut rarely observed, forming2 xn) fea-
tures. In these & n islands, additional bright protrusions re-
side between the dimer rowsot shown).

Additional vacancies observed on the surface after Cu
deposition are very similar to the ones observed on clean
Si(001). An analysis of the observed vacancy type and fre-
guency, along with a comparison of the dimer vacancies ob-
served on clean 801) from Wanget al?! is presented in
Table I. Interestingly, one specific pattern is observed with
high frequency on our Cu/&01) surfaces, an example of
which is labeledvDVVDVon the right side of Fig. (b). The
pattern consists of a vacancy, a dimer, two vacancies, a dimer
and a vacancy. After Cu deposition this pattern is observed
~30 times more frequently than on the clean surface, indi-
cating it is a Cu induced structure. Transition metal incorpo-
ration in the silicon surface often leads to distinctive dimer
vacancy complex formations. A classic example is the case
of Ni on Si(001), in which concentrations of as little as 5%
create arrays of line vacanci#s?3

We observe an unusual structure on this surface that does
not appear to have been noted in the past. Two examples are
highlighted with arrows in Fig. (b), and the general struc-
ture can be determined from Fig(cL The new structure
consists of two round protrusions centered in the middle of
the dimer row, with each protrusion offset from the dimer
position by half a dimer. Note that copper impurities in bulk
Si reside either at substitutional or interstitial sites. It is rea-
sonable to assume that substitutional Cu will produce fea-
tures aligned with the Si lattice. In contrast, the unusual lo-
cation of these protrusions with respect to the lattice suggests
they are interstitial Cu atoms at the surface.

The effects that H termination has on the Cy18D
island+vacancy surface are shown in Fig. 2. There are sev-
eral apparent differences produced by the hydrogen termina-
tion. First, the average island length increased. Whereas
islands on the Cu/8001) surface preferentially consist
of three bright maxima and a terminating vacancy on each
end, after hydrogen termination longer islands are observed

(Fig. 3. Another difference is the position of the vacancies FIG. 1. (a) Filled-state STM image of-1.2 ML Cu deposited on
with respect to the islands—the islands are no longer preferSi(OOD at 870 K. (b) The dashed box highlights (& x 8) unit cell.
gntially terminated by yacancies. On average, one terminak four dimer-long terminating vacancy is label®¥/VVVD, and a
ing vacancy of every island appears to have diffused awayeqyently observed defect structure is labelé@VVDV. The ar-
from the island. The remaining vacancies show no recurringows point to features attributed to interstitial Cu atores.High-
pattern, randomly occurring as on a clean surface. Figurgesolution image of two proposed interstitial Cu atoms. The lines
2(b) shows two common island +vacancy structures observegighlight the location of adjacent dimers.

after hydrogen termination. Qualitatively, the islands look

strikingly similar to Si islands created during Si homoepit-to the symmetric dimers observed on monohydride-
axy, where islands composed of 5-9 consecutive dimers aterminated S001), including the underlying structures
often observed. On the atomic scale, all features are identicalithin the vacancy islands.
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TABLE |. Notation, pattern, and observation of dimer vacancy defects from Ref. 21, and this study. The
fractionn is the ratio of the number of defeckéto the total number of observed dimers.

Clean Si(001) Cu on Si(001)?
number of Fraction number of Fraction
Dimer notation and pattern defects N n (1073) defects N n (1074
148 6.7 55 11.5
78 3.5 6 1.3
244 11.0 11 2.3
6 0.3 40 8.3
23 1.0 8 1.7

VVVDV m 54 25 2 0.4
VDVVVDV m 100 45 2 04

3Does not include vacancies associated with islands.

Previous reports of Cu deposition on(@1) are some- Ab initio calculations by Estreicher show that the Cu-Si
what inconsistent. Ichinokawa and co-workers proposedbond is less stable than the Si-H bond by approximately
a Cu/S{00]1) phase diagram with mixed2x1), (2X2), 2 eV 26 Therefore, H passivation should have a significant
(6% 2), andc(12x10) phases for 0.1-20 ML Cu coverage effect on any Cu present at the surface. If the islands were
and 670-870 K substrate temperatures. In the interpretatiomade out of Cu, as suggested by Nogami, one would expect
of their STM results, the bright islands observed at low cov-
erage(0.1 ML) were attributed to Si ejected from a dimer
row by the deposition of Cu, which they proposed to be
bound under the island. In contrast, STM studies by both
Nogami and co-workers and Lindsay and co-workers re-
ported only ac(8 X 8) phase. Lindsay and co-workers attrib-
uted the presence of @8 8) phase on $001) to Cu con-
tamination, as identified by secondary ion mass spectro-
metry. No structural model was ever proposed for the actual
position of the Cu contaminants on the reconstructed surface.
Nogami and coworkers, who deposited submonolayer
~0.05-0.20 ML Cu on S{001) at 720—-870 K, proposed a
structural model with Cu residing at the island maxima and a
two dimer vacancy, in contradiction to the ejected Si model
of Ichinokawa and co-workers.

We observed &(8 X 8) surface similar to the one reported
previously by Nogami and Lindsay, but believe that Noga-
mi’'s model is incorrect. Copper normally occupies an inter-
stitial site when present in bulk Si; however, theoretical
simulations have shown there is a significant energetic ad-
vantage(2.71 eV for interstitial Cu to react with Si vacan-
cies and form substitutional Cd.Therefore, it is probable
that Cu initially goes in the surface interstitially, and then
reacts through surface defects to occupy substitutional sites,
ejecting Si atoms in the process which then become the ob-
served homoepitaxial-like islands. This mechanisms is fur- FIG. 2. Filled-state STM images of1.2 ML Cu deposited on
ther supported by reports that Si deposition onto defect-riclsi(001) at 870 K, followed by H termination at 615 Kb) The
surfaces results in similar island structufes. atomic-scale structure of a typical island.
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and after subsequent hydrogen terminatidashed bajs

hydrogen termination to displace the Cu from the surface and (G 4. Composite of the surface structures observed in this

therefore reduce or eliminate the islands. Although STM cansydy. (a) Clean S{001), (b) Cu-dosed $DO1), (c) hydrogen-

not UnambigUOUS|y determine the pOSition of Cu in the reterminated 3001), (d) hydrogen-terminated, Cu-dosed ®1).

construction, in light of the images obtained following hy-

drogen termination, where only H-terminated Si-like features

are observed, we propose that all Cu is subsurface after Femaining residual in interstitial sites. When the Cy0810)

termination. We believe the results to date are best explaineslirface is hydrogen terminated, the island+vacancy structure

by a model where each Cu atom initially enters the Si lattices retained but the size and distribution of the structures are

interstitially, then ejects a Si atom from the lattice to occupyaltered. This change is in contrast to monohydride-

a substitutional site either underneath a Si island or an adjdgerminated S001), where surfaces with extremely low de-

cent vacancy. After H passivation, which changes the surfackect densities are routinely achieved. Based on the atomic-

energies, surface Si atoms no longer bond to the Cu, drivingcale appearance of the H-terminated CW&D, we

the Cu into the bulk and allowing the islands and vacanciepropose that all surface atoms are H-terminated Si, and that

to reconstruct into the structures observed. all Cu is actually subsurface. Note that such a surface
Our essential structural results can be seen in compositgtructure—Sj001):H with a relatively narrow distribution of

in Fig. 4. Clean S001) exposed to Cu has a distinct island defects—could make an interesting template for nucleating

+vacancy structur¢which becomes &(8x8) reconstruc- nanostructures. We are presently investigating how these de-

tion at high coverage We propose that Cu enters the surfacefects affect the subsequent nucleation and growth of metal

at interstitial sites and relaxes into substitutional sites ejectmonolayers.

ing Si atoms in the process. Most of the near-surface Cu is This work was funded by the Office of Naval Research

underneath the Si islands and within the vacancies, with thand NRL/NRC(L.A.B.).
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